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Abstract
Magnetic properties of metallic alloys used in biomedical industry are im-
portant for the magnetic resonance imaging (MRI). If the alloys were to be
used for long term implants or as guiding devices, safety of the patient as
well as the medical staff has to be ensured. Strong response to the external
magnetic field can cause mechanical damage to the patients body. In this
paper we present magnetic susceptibility of nickel rich, ternary NiTiPt and
NiTiEr to static magnetic field. We show that the magnetic susceptibility of
these radiopaque alloys has values in low paramagnetic region comparable to
the binary nickel-titanium. Furthermore, we studied the effect of the ther-
mal and mechanical treatments on magnetic properties. Despite deviation
from linear M(H) treated samples spanning small region around H = 0, the
linearity of the M(H) and χ = dM/dH values suggest that these ternary
alloys are safe to use under MRI conditions.
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Medical diagnostic imaging is minimally invasive medical procedure that2
require the patient to be exposed to different types of electromagnetic radi-3
ation. Compatibility of a medical device to imaging techniques restricts the4
use of particular material in such procedure. Both, high frequency ionizing5
radiation and non-ionizing radiation in kHz to MHz range are used during6
procedures, e.g. in X-ray fluoroscopy or magnetic resonance imaging (MRI)7
[1, 2]. Electromagnetic properties and the geometry of the medical device8
impacts the image quality, but more importantly, the energy transferred from9
diagnostic radiation posses thermal risks and the mechanical response to the10
fields used can cause damage to the surrounding tissues.11
A high static magnetic field (up to 3 Tesla) is typically used during MRI.12
Radiofrequency pulses in the MHz range are superimposed to a static mag-13
nitic field to obtain such magnetic resonance images. A combination of these14
two fields acting on a metallic object can result in serious damage if the object15
is highly susceptible to the external magnetic field. Exposing human body16
tissue to a static field B0, as well as superimposed gradient fields dB/dx has17
no side effects and static fields as high as 4 T are determined to be safe even18
for infants [3]. RF pulses can however cause tissue heating or burning when19
exposed for a substantial time. The increase of temperature depends on the20
specific absorption rate (SAR) in which energy is absorbed in tissue. SAR for21
a human body, up to 4 W/kg for body and up to 12 W/kg [3] for extremities22




Binary, near equiatomic nickel-titanium (NiTi) alloy is the most com-25
monly used alloy in medical industry due to its biocompatibility, elastic26
properties and high compatibility with medical imaging procedures includ-27
ing X-ray fluoroscopy or magnetic resonance imaging (MRI). NiTi belongs28
to a family of shape memory alloys (SMA), which posses the unique prop-29
erty of reverting back to their original shape upon heating after having been30
deformed in a colder state. Properties such as pseudoelasticity, high fatigue31
resistance, high corrosion resistance, biocompatibility of SMAs make these32
alloys suitable for a wide range of applications. A broad class of applications33
ranges from micro-actuators to aircraft engines and wing parts [5–7], and34
from small stents to bone implants in medical applications [8, 9]. These al-35
loys undergo temperature or stress induced phase transitions between a high36
symmetry austenitic phase to a lower symmetry martensitic structure that37
is capable of accommodating large strains [10]. Transition temperatures or38
the level of stress needed for phase transitions can be modified by changing39
the stoichiometry or composition of the alloy as well as the alloy’s thermo-40
mechanical processing history [11–14]. Other physical properties such as41
contrast enhancement under imaging scans used in medical examination can42
also be modified.43
Radiopacity of NiTi is low due to very low X-ray absorption of Ti. This44
low X-ray absorption has been improved by adding high atomic density ele-45
ments such as platinum, palladium, tungsten or gold into binary NiTi [15].46
Recently, a range of ternary NiTi alloys has been developed by alloying with47
rare-earth elements e.g. erbium, galolinium or neodymium [15]. Despite a48
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very high amount of ferromagnetic nickel (over 50 w.t %) in NiTi, the alloy49
is paramagnetic and therefore suitable to use under MRI.50
Here we investigate the impact of addition of such radiopaque elements51
Pt and Er on magnetic properties of nickel rich ternary NiTiPt and NiTiEr52
alloys. These alloys were found to be highly radiopaque in X-ray fluoroscopy53
imaging [15, 16]. We pay particular attention to the NiTiEr alloy, since54
binary and ternary rare-earth transition metal alloys are known strong fer-55
romagnets.56
2. Experimental Methods57
Specimen were prepared by Vacuum Induction Melting from high purity58
metals. Subsequently, a series of treatments - homogenisation, hot rolling,59
extrusion were applied to the samples to improve its microstructural, and60
thermal and mechanical properties. Fabrication and processing routes are61
detailed in reference [23].62
Vibrating sample magnetometry (VSM) was used to measure response63
of the binary near-equiatomic NiTi, and ternary nickel-rich NiTiPt and Ni-64
TiEr to static magnetic field using a Lakeshore 7400 vibrating magnetometer65
(Lakeshore, USA [17]). The electromagnet was capable of achieving fields as66
high as 2 Tesla (T ), but the strongest field used during our experiments67
was set to be Bmax = 1.5 T , which is typical field used in standard MRI68
procedures. Sample dimensions and mass were chosen to be sufficient to69
produce measurable signal while allowing for using a point magnetic-dipole70
approximation. The mass of the samples varied between 0.85 and 1 gram.71
The sample geometry was approx. 7 × 7 × 1.5 mm prism. Calibration of72
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the VSM was performed prior to every sample measurement to ensure the73
probe reads zero response in the field H = 0 Am−1. Field step-size was74
300 × 103/4π Am−1 with a ramp-rate of 50 × 103/4π Am−1s−1. We em-75
ployed full H0 → Hmax → −Hmax → H0 loop with H0 = 0 and |Hmax| = 1576
×103/4π Am−1 to measure the magnetic response.77
3. Results and Discussions78
3.1. Binary NiTi alloy79
As near equiatomic NiTi is paramagnetic with a low magnetic susceptibil-80
ity, it is one of the most suitable materials for MRI imaging. The magnitude81
of the magnetic susceptibility of binary NiTi varies between 2.4× 10−6 and82
3.7×10−6 103/4π m3 · kg−1 for martensite and austenite, respectively [18–22].83
Literature data, however, does not clarify if the samples were single-crystals84
or polycrystalline material. The data-sheets of binary NiTi can be found in85
the product specifications, [18, 19], [20] for martensitic and [21] for austenite86
phase of Ni55Ti45, [22] where an average value 3× 10−6 103/4π m3 · kg−1 is87
given.88
Our measurements of polycrystalline samples show that the susceptibility89
is between that of purely martensite and bare austenite phase as reported in90
the literature [21, 22], indicating the presence of both, austenite and marten-91
site phases in our samples. Response of hot-rolled and extruded NiTi alloy92
to the static magnetic field was evaluated in order to establish the effect of93
thermo-mechanical treatment on magnetic properties of NiTi. Figure 1 de-94
picts magnetization loops of as-cast NiTi and hot-rolled and extruded NiTi.95
Magnetization-field dependence was calculated as a mean value from three96
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M(H) measurements. Black squares denote as-cast alloy and red squares97
represent hot-rolled and extruded NiTi. It is clear from the present M(H)98
dependence that the thermal and mechanical treatments do not affect the99
static magnetic susceptibility of the NiTi alloy.100
3.2. Ternary NiTiPt alloy101
The static field magnetization of nickel-rich Ni50Ti42.5Pt7.5 (in atomic102
percent) was measured on both, as-cast alloy and the alloy homogenized at103
925 ◦C for 72 hours. Current research of NiTiPt alloy is directed towards104
Ti-rich composition, which is thermodynamically stable and easier to process105
than the Ni-rich alloy [23]. Nickel-rich NiTiPt with the same chemistry and106
thermal post-processing route has been reported by O’Donoghue and co-107
workers in [24]. Their research reveals the evolution of the microstructure,108
hardness and chemical composition of multiphase structure as a result of109
processing of the alloy.110
As-cast Ni50Ti42.5Pt7.5 alloy studied here is composed of a matrix that111
is rich in nickel Ni61.4Ti34Pt4.6 and a phase with the higher content of plat-112
inum Ni46.1Ti42.9Pt11 [24]. As-cast alloy shows nearly linear M(H) depen-113
dence wit the mass magnetic susceptibility χρ = 1.78×10−6 ×4π/103m3kg−1.114
The non-linear region spans only small field symmetric around the zero field115
(switching field direction). The initial susceptibility calculated from M/H116
dependence is 2.5× 10−6 ×4π/103m3kg−1 with a standard deviation 8.12%.117
The small increase in susceptibility around H = 0 is caused due to the mi-118
crostructure evolution of the material as a result of thermal treatment at 925119
◦C. In polycrystalline materials grain boundaries act as the defects creating120
energy barriers that have to be overcome by the applied field. This results121
6
  
in deviation from linear, paramagnetic M(H) in low magnetic fields.122
The ternary NiTiPt alloy can be modelled as composed of binary phases123
of NixTiy, NixPty and TixPty. Binary NixTiy systems of near equiatomic124
compositions do not posses any magnetic moment [25]. Nickel-platinum sys-125
tems in near equiatomic compositions were experimentally studied by Kumar126
et. al. [26] and the temperature dependence of susceptibility showed very127
low values above 100 Kelvin. Furthermore, as documented in [27] and [28],128
magnetism is strongly dependent on ordering of the structure. TixPty alloys129
exhibit the shape-memory effect for near-equiatomic concentrations and there130
is no evidence present that the alloys possess high magnetic susceptibility at131
ambient temperatures. It is therefore reasonable to expect that if a ternary132
phase is present, this will also be non-magnetic, since local environment of133
the atoms in the ternary alloy is almost the same as in binary alloys. This134
holds true for high and low temperature phases, as TiP t undergoes marten-135
sitic transformation as well and NiPt is essentially non-magnetic down to136
liquid nitrogen temperatures.137
Homogenization of the as-cast alloy at 925◦C for 72 hours results in struc-138
tural changes [24] as the matrix breaks and precipitates form due to the heat139
treatment. Homogenization also affects magnetic properties as the shape of140
the magnetization loop becomes more sigmoidal within a small range around141
zero field (Fig. 2) and a small hysteresis loop is developed as shown in (Fig.142
3). This behaviour may have originated due to the separation of phases and143
precipitates that are consequently blocking spin reorientation perhaps due144
to formation of grain boundaries. Similar behaviour has been observed in145
NixPt1−x [29]. Vasumathi et. all have found that the deposition tempera-146
7
  
ture and thermal treatment (annealing) alters the shape of the magnetiza-147
tion loop, although the values of magnetization in higher fields are almost148
the same for all specimen tested.149
The extent of hysteresis in homogenized NiTiPt is very small and spans150
approximately over±750×103/4π Am−1 range. For fields higher than±750×151
103/4π Am−1, magnetization linearly increases with increasing external field.152
The following fields were identified from the data: coercive field at M = 0,153
Hc = (Hc++Hc−)/2 = ±103.35 ×103/4π Am−1 and remanent magnetization154
at H = 0 also calculated as an average of Mr+ and Mr−, Mr = ±8 × 10−4155
Am2kg−1. The energy density (area of a hysteresis loop) is estimated to be156
2.89× 10−4 Jkg−1.157
3.3. Ternary NiTiEr alloy158
When alloying rare-earth (RE ) elements with transition metals (TM ), a159
wide range of magnetic behaviour has been reported in the literature. The160
interaction of strongly localized magnetic moments on RE site and the itin-161
erant magnetism observed in TM give rise to different types of magnetic162
ordering and transitions at low temperatures [30]. Strong permanent mag-163
netic moments can be obtained by alloying RE, TM with elements like boron164
or carbon [31, 32], which enhance magnetic moments and also anisotropy of165
such compounds due to directional bonding and crystal field [31]. An exten-166
sive review of structure and magnetic properties of RE - TM intermetallics167
was published by Shytula and Leciejewicz in the reference [32].168
Here we first present the magnetization loop of metallic erbium which169
is known as paramagnetic at room temperature. A small hysteresis loop170
is developed in region around H = 0, with the remanent magnetization171
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Mr = ±2.7×10−2 Am2kg−1 and coercive fields Hc = ±64.59 ×103/4π Am−1172
and the energy density 213× 10−4 Jkg−1 (Fig. 4).173
For external fields above 1000× 103/4π Am−1 we observed a linear M/H174
with a suceptibility of χρ = 2.87× 10−4 4π× 10−3m3kg−1 and with standard175
deviation less than 10−8 4π×10−3m3kg−1, and is in close agreement with the176
value of susceptibility for metallic erbium recalculated from the molar sus-177
ceptibility in [33]. Initial susceptibility calculated from initial magnetization178
curves is 3.19× 10−4 4π× 10−3m3kg−1 with a standard deviation 1.8× 10−6179
4π× 10−3m3kg−1. The paramagnetism is typical for all lanthanide metals at180
higher (room) temperatures [32].181
Magnetic properties of ternary Ni50Ti50−xErx with x = 6, 7.5, 9, 10,182
12.5 and 15 atomic percent erbium content were measured. As found for183
the other Er containing system, addition of the erbium to multicomponent184
compounds changes mechanical properties due to the formation of binary185
precipitates and the segregation of the excess Er on the grain boundaries for186
> 0.2 weight addition of Er into Al −Mg −Mn − Zr alloy [34]. Ternary187
systems are often found to be composed of pseudobinaries [35, 36], which also188
may affect magnetic behaviours as different RE −metal binary systems can189
contribute to the magnetic response differently. The formation of a mixture190
of different ternary phases in a multicomponent nickel-rich alloy is confirmed191
for NiErP and NiErAs [37]. The magnetic phase diagram of TbHoCuSn192
[38] has shown that the magnetic moments on lanthanide site at an ordered193
state deviates from the calculated RE+3 values, whereas at paramagnetic194
state the magnetic moment is close to that of the free-ion value.195
For ternary NiTiEr alloys we first investigate magnetization loops as a196
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function of erbium content in as-cast specimens. A linear M/H dependence197
is observed through the range of erbium content in ternary alloys. Calculated198
mass magnetic susceptibilities of Ni50Ti50−xErx are collected in Table 1.199
We then elaborate the effect of thermal and mechanical treatments on200
Ni50Ti42.5Er7.5 alloy. A set of extruded and homogenized (850
◦C for 24201
hours) specimens were measured to establish effects of such treatments on202
the shape of magnetization curve and magnitude of mass susceptibility. We203
present our results in Fig. (5).204
Several authors studied the effects of thermo-mechanical treatment of205
alloys containing RE elements [39–45] and have found changes in structure206
and texture, and improved corrosion resistance. Investigation of the effects207
of thermo-mechanical treatment on magnetic properties of alloys containing208
RE-elements are not available to the best of our knowledge.209
As clearly seen from the graph presented in Fig.(5), the extrusion process210
(red squares on the graph), does not change the linearity of the M/H loop,211
but there is slight increase in the susceptibility (slope). This is the effect212
of structural changes during extrusion process, which primarily breaks down213
the as-cast structure and causes a small change of chemical composition of214
respective phases present in the specimen [23]. The effect of extrusion on215
magnetic susceptibility can be seen from the Fig. 6, where the values of216
mass susceptibility of the extruded and the as-cast specimens lie close to217
each other. Calculated susceptibility of extruded sample is χρ = 4.95×10−5,218
standard deviation is 5.69 × 10−8 4π/103m3kg−1. Initial susceptibility from219
H = 0 to H = Hmax curve is 5.87 × 10−5, std. deviation 1.21 × 10−6 in220




Homogenization process is different from mechanical extrusion as during223
homogenization and eventual cooling, diffusion of elements takes place to224
disperse the solutes evenly in the alloy. In such process, the composition as225
well as the size of grains change and compositional segregation occurs.226
In Table 2 we present summary of the susceptibility of binary NiTi and227
ternary NiTiPt and NiTiEr to the static magnetic field for all measured228
specimen.229
4. Conclusion230
Magnetization in static field of the NiTi, NiTiPt, different compositions231
a ternary Ni50Ti50−xErx (x < 15 at. %) alloys were studied here. We also232
investigated effect of different thermal and mechanical treatments on selected233
alloys. The magnetic response of a NiTiPt to static field is as good as the234
response of a binary NiTi with very low values of paramagnetic susceptibility235
in the order of ∼ 10−9 m3kg−1. For alloys containing erbium, values of236
χρ are an order of magnitude higher than for binary alloy. Low values of237
susceptibility to static magnetic field make ternary, radiopaque NiTiPt and238
NiTiEr alloys save to use under MRI.239
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at. % 4π × 10−3 m3kg−1
0 2.83 ×10−6 1.49 ×10−8
6 3.8 ×10−5 6.3 ×10−7
7.5 4.85 ×10−5 3.4 ×10−7
9 5.37 ×10−5 2.7 ×10−7
10 6.02 ×10−5 1.3 ×10−7
12.5 7.1 ×10−5 2.6 ×10−7
15 7.89 ×10−5 7.3 ×10−8





χρ initial SD(±) χρ linear SD(±)
×4π × 10−3 m3kg−1
NiT i
as-cast 2.83× 10−6 1.49× 10−8
hot-rolled, extruded 2.83× 10−6 2.95× 10−8
Ni50Ti42.5Pt7.5
as-cast 2.5× 10−6 2.03× 10−7 1.78× 10−6 2× 10−8
homogenized 4.99× 10−6 2.47× 10−7 1.72× 10−6 3.34× 10−8
Ni50Ti50−xErx
6 3.8× 10−5 6.3× 10−7
7.5 4.85× 10−5 3.4× 10−7
9 5.31× 10−5 2.7× 10−7
10 6.02× 10−5 1.3× 10−7
12.5 7.1× 10−5 2.6× 10−7
15 7.89× 10−5 7.3× 10−8
Er 3.19× 10−4 1.8× 10−6 2.87× 10−4 2.71× 10−9
Ni50Ti42.5Er7.5
as-cast 4.85× 10−5 3.4× 10−7
extruded 5.87× 10−5 1.21× 10−6 4.95× 10−5 5.69× 10−8
homogenized 1.61× 10−4 8.81× 10−8 4.59× 10−5 1.23× 10−8





























Table 1: Mean value mass magnetic susceptibility of as-cast Ni50Ti50−xErx. Alloy con-
tained 6 − 15 at. % erbium keeping the alloy rich in nickel. First data row is for binary
NiTi in order of magnitude 10−6 in 4π×10−3 m3kg−1 units. Alloying erbium into binary
alloy results in an increased magnetic susceptibility by an order of magnitude compared
to that of binary NiTi.
Table 2: Mass magnetic susceptibility χρ×4π/103 m3kg−1 of binary NiTi, ternary NiTiPt
and NiTiEr. Susceptibility at initial stage of magnetization is noted where appropriate
(χρ initial) and for all alloys we list χρ in linear region of magnetization loop (χρ lin-
ear). Standard deviation (SD) from mean value is tabulated to the right of susceptibility.
Stainless steel 316L is noted for comparison.
Figure 1: As-cast (black squares) and hot-rolled, extruded (red squares) equiatomic NiTi
magnetization curve (line). Note that values of magnetization are almost same for both
paramagnetic samples
Figure 2: Magnetization loop of as-cast (black squares) and homogenized (red squares)
Ni50Ti42.5Pt7.5 alloy. Nearly linear M/H of as-cast alloy changes shape to sigmoidal after
the homogenization. This effect spans only over a small range of field around H = 0 and
continues as a linear M/H with the slope (susceptibility) similar to that of the as-cast
alloy.
Figure 3: Magnetization loop of NiTiPt homogenized at 925 ◦C for 72 hours. Homogeniza-
tion process causes deviation from linear M/H dependence. The effect is most profound
near the field direction switching region. Inset: a small hysteresis loop developed as re-
sult of homogenization. Scale of magnetization (y axis) in top left inset is ±7.5 × 10−3
Am2kg−1 and field is ±1500 × 103/4π Am−1. Right bottom inset field scale spans the
whole range and the susceptibility scale is up to 1× 10−5 ×4π/103 m3kg−1. The energy
density (specific energy) enclosed by hysteresis loop is 2.89× 10−4 Jkg−1.
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Figure 4: Detail of magnetization loop of polycrystalline erbium. Coercive Hc and rema-
nent Mr fields were identified from M(H) graph. The energy density 213 × 10−4 Jkg−1
has been estimated from hysteresis loop. Top left inset is the whole scale magnetization
loop of metallic Er. right bottom inset is calculated susceptibility χρ = dM/dH.
Figure 5: Magnetization loop of thermo-mechanically treated Ni50Ti42.5Er7.5. As evi-
dent, extrusion process does not change the shape of M(H) loop, whereas non-linearity is
developed as a result of homogenization.
Figure 6: Differential mass susceptibility χρ of thermo-mechanically treated
Ni50Ti42.5Er7.5 alloy. In linear part, homogenized and as-cast alloys have similar sus-
ceptibility. Non-linear M/H relationship has developed in the alloy as a result of homog-
enization (blue peak near H = 0). Susceptibility of extruded alloy differs from that of as
cast by 1× 10−6 4π/103m3kg−1.
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